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Terabit Bidirectional Multi-user Optical Wireless 

System (TOWS) for 6G LiFi

Vision
Our vision is to develop and experimentally demonstrate 

multiuser Terabit/s optical wireless systems that offer capacities 

at least two orders of magnitude higher than the current 

planned 5G optical and radio wireless systems, with a roadmap 

to wireless systems that can offer up to four orders of 

magnitude higher capacity.

First, UK 6G project; paradigm shift from radio to optical, 

indoor

April 2019 – March 2024, £6.6m project
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21st April 2018 

 

Dear Richard, 

 

Thank you for your recent communication relating to the proposed EPSRC Proposal: ‘Terabit Bidirectional 

Multi-user Optical Wireless System (TOWS) for 6G Lifi’ whose vision is to develop and experimentally 

demonstrate Terabit/s optical wireless systems that offer capacities at least two orders of magnitude higher 

than the current planned 5G optical and radio wireless systems, with a roadmap to wireless systems that can 

offer up to four orders of magnitude higher capacity 

 

Founded in 2015, The Compound Semiconductor Centre is a Joint Venture between Cardiff University and 

IQE Plc, with the mission of accelerating commercialisation of Compound Semiconductor Materials and 

Device Research, and realising a tangible economic return on the UK Public and Private investment in this 

key area of enabling technology. The CSC aims to build on research undertaken in UK Universities to develop 

innovative new materials and device technologies that will enable a wide range of new energy, photonic and 

micro-electronic applications. Furthermore, CSCs vision is to provide Europe's first prototyping facility 

dedicated to allowing businesses and academics to demonstrate new technologies based on Compound 

Semiconductor materials that will be production ready - allowing rapid routes to market entry for 

entrepreneurs and technology leaders; a vital milestone towards developing a World-class Compound 

Semiconductor Cluster in South Wales. 

 

We are particularly interested in supporting the development of novel applications for Compound 

Semiconductor Component (CS) technology, especially those which offer the potential for mass market 

adoption facilitating component manufacturing in the UK.  I am delighted to offer my full support to this 

proposal which will facilitate further collaboration with the world leading expertise in your team, and our 

growing Cluster of academic and industrial CS activity in South Wales whose founder member represent 

>1500 high tech manufacturing jobs in the region.   

 

In order to facilitate an effective, value-add collaboration we are happy to contribute to the research project 

definition and are also prepared to join the project advisory panel. In addition, we can offer: 

 

- A perspective and steer on the suitablity of specific CS devices developed in the project, with a 

particular emphasis on the needs of high volume production; 

 



Drivers and future directions
• Internet traffic is projected to grow by factors of 30x and 1000x in 10 and 

20 years respectively.

• Mobile data is the fastest growing traffic strand, currently growing at 60% 

per year leading to a projected growth of over 10,000x in 20 years. 

• Despite the tremendous improvements due to the small cell concept and 

the allocation of new radio frequency (RF) spectrum in 5G, it is inevitable 

that the RF part of the electromagnetic spectrum will not be sufficient to 

drive the 4th industrial revolution. 

• This highlights the need for a step change in approach via new 

technologies that are able to provide communication efficiently at parts of 

the spectrum other than the 100GHz of RF spectrum currently in use.

• Current estimates are that 80% of all mobile connections originate and 

terminate indoors.

• A potential disruptive solution is optical wireless (OW) communication.



TOWS project



Mobile Radio and Optical Wireless Data Rates

• TOWS BBC use case: 

• Studio 22m x 14m or 30m x 33m

• Uncompressed UHDTV, 23Gb/s per camera

• 12 to 20 cameras in studio; up to 460Gb/s; 4-5 cameras used sometimes)

Mobile base station Data rate Mobility

4G 100Mb/s – 300Mb/s High

5G 10Gb/s Small Cells

IEEE 802.11 bb (optical wireless) 10Gb/s peak WiFi size cells

IEEE 802.15.13 (Multi-Gigabit/s 

Optical Wireless Communications)

10Gb/s (July 2019) LoS, 200m

IEEE 802.15.7r1 (Optical Camera

Communication (OCC))

100 Mb/s High

Experimental Optical Wireless 40Gb/s Beam steering

TOWS 1Tb/s – 10Tb/s Indoor mobility, 50m2 per 

access point;

2.5Gb/s - 50Gb/s per user



TOWS architecture and sub-systems



TOWS architecture and sub-systems
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In data centre

Multiple access
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OE PCB
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Angle diversity receiverIntegration
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polarisation pinned 

VCSELs for beam and 

spectral control



Hardware: Current studies

10

Current work:

- Transmitter and Receiver optics

- room coverage, AP distribution

- high speed VCSEL-based links

- beam steering concepts

- system implications



Hardware: Transmitter optics 
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- work on the design of Tx optics system for TOWS system:

- 1 m2 covered with a 5 × 5 VCSEL array

- beam homogenisation at the floor plane 

→ uniform SNR

- minimise beam interference (direct path) 

- eye safety considerations

→ formation of high-capacity communication cells

5×5 VCSEL array single lens system

1 m

1 m

1 m

1 m

beam 
homogenisation 

system

5×5 VCSEL array beam homogenisation

5×5 VCSEL array

beam 
homogenisation 

system

VCSEL output intensity

floor intensity

~ 86% intensity 
uniformity



Hardware: Laser safety
Highlights:

A generalized framework for laser

safety analysis has been developed

where the maximum permissible

transmit power of a laser source

ensuring both skin and eye safety, is
derived for various cases including:

1. Single mode Gaussian/non-

Gaussian beams

2. Multi-mode beams (through

measurements)
• Hermitte-Gaussian beam

• Laguerre-Gaussian beam

3. Laser with lens
• System of lenses

• Thin lens

4. Laser with diffuser
• Lambertian pattern diffusers

• Uniform pattern diffusers

5. Laser array
• Laser array with a collimated beam

• Laser array with diverged beams

Publications:
M. D. Soltani, et al., “Laser-Based Optical Wireless Communication: Design and Safety”

Eye safety analysis for beam propagation 

through a lens. 

Eye safety analysis for 

VCSEL arrays.
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Hardware: Room coverage 
- application in the room for coverage (3 × 3 m2) 

→ distribution of access points (APs)

Items Parameter 

No. Access Point 1

Transmitter/ AP 9

Covered area % 91%3 m

1 m

Items Parameter 

No. Access Point 9

Transmitter/ AP 1

Covered area % 96%

1 m 1 m1 m

3 m

Items Parameter 

No. Access Point 4

Transmitter/ AP 4

Covered area % 92%

1.5 m

Alternative shaping of output beam

single VCSEL beam shaping



System: Terabit optical wireless system 

Highlights:

▪ A novel double tier access point (AP)

architecture based on array of arrays of

vertical cavity surface emitting lasers

(VCSELs) is proposed.

▪ The AP covers the entire indoor area.

▪ The AP provides an aggregate data rate

beyond 1 Tb/s (at least 10 Gb/s per beam).

▪ The inter-beam interference is minimized.

▪ This design supports multi-user access.

▪ This design is subject to the optical power

emission limit for VCSELs due to eye safety.

An array of 

arrays of 

VCSELs 

(top view). 

Indoor access cells 

Publications:
E. Sarbazi, et al., “A Tb/s Indoor Optical Wireless Access System Using VCSEL Arrays”,

presented at PIMRC 2020.



System: Spatial distribution of the data rate over the 
coverage area 

Rate [Gb/s]

Individual beams:

Data rates of 10 to 20 Gb/s are achieved at

the beam spot centres.

The AP delivers an aggregate data rate of beyond

225×10 Gb/s = 2.25 Tb/s.

Rate [Gb/s]

Static clusters:

Clustering helps to improve the spot-

edge rate performance. Each cluster

is composed of a number of

neighbouring beam spots.

System parameters: Link distance: 3 m; Number of VCSELs: 225; VCSEL output

power: 10 mW; VCSEL bandwidth: 10 GHz; Detector effective area: 2 cm2

Publications:
E. Sarbazi, et al., “A Tb/s Indoor Optical Wireless Access System Using VCSEL Arrays”, PIMRC 2020.



System: Terabit optical wireless backhaul 
Highlights:

▪ A MIMO optical wireless backhaul system

using VCSEL arrays is proposed.

▪ A 25×25 system using 5×5 arrays achieves

an aggregate data rate of more than 1 Tb/s.

Publications:
H. Kazemi, et al., “A Tb/s Indoor Optical Wireless Backhaul System Using

VCSEL Arrays”, presented at PIMRC 2020.

AP1 AP2

Multiple beams

System parameters:

Link distance: 2 m
VCSEL output power: 1 mW
VCSEL bandwidth: 20 GHz

Effective area per detector: 0.5 cm2
w0 is the effective beam waist radius

Perfect Alignment

Misalignment 

for 25×25 MIMO and w0 = 100 µm



System: High-speed operation
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- work on advanced modulation formats and equalization methods

→ new equalizer structure for CAP-based optical links : CAP equalizer

→ demonstrated in VCSEL-based MMF link : 124 Gb/s achieved with 25 GHz VCSEL

→ low complexity implementation – similar to conventional FFE/DFEs

X. Dong, et al., JLT, vol. 37, pp. 5937-5944, 2019

X. Dong, et al., in  ECOC, pp. 1-3, paper P.20, 2019

I-channel 

received signals 

I-channel 

recovered symbols

FFE + DFE 

Q-channel Q-channel 

FFE + DFE 

I-channel 
I-channel 

Q-channel 
FFE + DFE 

FFE + DFE 

Q-channel 

received signals recovered symbols

conventional equalizer CAP equalizer
112 Gb/s CAP-16 transmission over 100 m link

→ similar concepts to be applied to TOWS systems to improve link capacity

X. Dong, et al., JLT, vol. 37, pp. 5937-5944, 2019

X. Dong, et al., in  ECOC, pp. 1-3, paper P.20, 2019



Architecture: Resource allocation
• 𝑆𝐼𝑁𝑅𝑢,𝑟

𝑐,𝑎,𝜆 =
𝑆𝑖𝑔𝑛𝑎𝑙

𝐼𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒 +𝑁𝑜𝑖𝑠𝑒

• Signal: 𝑆𝑖𝑔𝑢,𝑟
𝑐,𝑎,𝜆 = (𝑅 𝑃𝑡𝑢,𝑟

𝑐,𝑎,𝜆 ℎ𝑢,𝑟
𝑐,𝑎,𝜆) 2

• The preamplifier noise: 𝜎𝑅𝑥 = 𝑁𝑝𝑟𝐵𝑒

• The background light shot noise:  𝜎𝑢,𝑟
𝑐𝑐,𝑏,𝜆 = 2𝑒 𝑅 𝑃𝑡𝑢,𝑟

𝑐𝑐,𝑎,𝜆 ℎ𝑢,𝑟
𝑐𝑐,𝑎,𝜆 𝐵𝑜𝐵𝑒

• 𝑆𝐼𝑁𝑅𝑢,𝑟
𝑐,𝑎,𝜆 =

𝑆𝑖𝑔𝑢,𝑟
𝑐,𝑎,𝜆 𝑆𝑢,𝑟

𝑐,𝑎,𝜆

σ𝑐𝑐 ∈𝐶σ𝑏∈𝒜
𝑏≠𝑎

σ𝑖𝑢∈𝒰
𝑖𝑢≠𝑢

σ𝑖𝑟∈ℬ 𝑆𝑖𝑔𝑢,𝑖𝑟
𝑐𝑐,𝑏,𝜆

𝑆𝑖𝑢,𝑖𝑟
𝑐𝑐 ,𝑏,𝜆

+σ𝑐𝑐∈𝐶 σ𝑏∈𝒜
𝑏≠𝑎

𝜎𝑢 ,𝑟
𝑐𝑐 ,𝑏,𝜆

1−σ𝑖𝑢∈𝒰
𝑖𝑢≠𝑢

σ𝑖𝑟 ∈ℬ 𝑆𝑖𝑢,𝑖𝑟
𝑐𝑐 ,𝑏,𝜆

+𝜎𝑅𝑥

The MILP model is subject to: 

• σ
𝑢∈𝒰

σ
𝑟∈ℬ 𝑆𝑢,𝑟

𝑐,𝑎,𝜆 ≤ 1 ∀𝑐 ∈ 𝐶, ∀𝑎 ∈ 𝒜 , ∀𝜆 ∈ 𝒲

(To ensure that a wavelength belonging to an AP is only allocated once)

• σ𝑐∈𝐶σ𝑎∈𝒜 σ
𝜆 ∈𝒲

σ
𝑟∈ℬ 𝑆𝑢,𝑟

𝑐,𝑎,𝜆 = 1 ∀𝑢 ∈ 𝒰

(To ensure all users are assigned to one cell unit, access point, one wavelength 
and one branch)

• 𝑆𝐼𝑁𝑅𝑢,𝑟
𝑐,𝑎,𝜆 ≥ 10

36

10 ∀𝑢 ∈ 𝒰,∀𝑐 ∈ 𝐶 , ∀𝑎 ∈ 𝒜 , ∀𝜆 ∈ 𝒲, ∀𝑟 ∈ ℬ

(To ensure the SINR of each user does not go below 15.6 dB)

Sc
e

n
ar

io
 1

Sc
e

n
ar

io
 2

Channel Bandwidth SINR at 7.1 Gbps

Alsulami, O. Z., Alahmadi, A., Saeed, S. O. M., Mohamed, S.H., El -Gorashi, T.E.H., 
Alresheedi , M.T. and Elmirghani, J.M.H., “Optimum resource allocation in optical 
wireless systems with energy efficient fog and cloud architectures ,” Philosophical 
Transactions of the Royal Society A, vol. 378, No. 2169, pp. 1-29, March 2020.
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OpticalCell Formation 

▪ Full connectivity 

design 

▪ Network centric design 

▪ User centric design: optimal 

and sub optimal UC approach 

Interference Management 

▪ Precoding schemes 

ZF, MSE, MMSE and RS

▪ Power control and Blind  schemes

NOMA and BIA 

▪ Hybrid schemes

HRS, BIA-RS, BIA-NOMA and H-

BIA

Cell formation 

Hybrid schemes

User CentricNetwork CentricMulti-APs

B. HRSA. BIA-NOMA

Multiuser architectures
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BBC studio
▪ Each camera equipped with transmitter using VCSEL 

covers an area  that can reach up to 1.45 m x 1.45 m at 

11m distance.

Fig. 2. SE vs distance.

Fig. 1. A use case.

Multiuser architectures



Architecture: Backhaul fibre network
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Chassis 1 Chassis 8Chassis 2

OLT
Switch

1

2

3

4

1

2

3

4

• Purpose:
• Access Point (AP) to AP wired links within a room

for device to device communication
• Room to room and floor to floor links for user

Mobility and for Aggregating processing capacity
from user devices, IoT devices and distributed
servers

WDM-TDM architecture Point-to-Point architecture

• Proposed PON-based Networks:
• WDM-TDM architecture (uses AWGRs and tunable lasers)
• Point-to-Point single wavelength architecture (use APs for routing)



Architecture: Backhaul fibre network modelling
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• Developed a MILP Model to Optimise Flow Scheduling and 
Routing between APs to evaluate the impact of network 
topology on the performance and energy efficiency

• Comparison with Fat-tree and Spine-leaf
• MILP Objective: Minimise the energy consumption (E) or the 

latest completion time (M) of data transfer

WDM-TDM architecture 

Point-to-Point architecture

Fat-tree

Spine-leaf

• Under several constraints (e.g. flow 
conservation, traffic scheduling, 
completion time calculation)
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Spine-leaf Fat-tree

PON3 PON5

Architecture: Backhaul fibre network

• For the WDM-TDM architecture, completion time is reduced by about 50% compared to 
remaining networks while reducing the energy consumption by up to about 88%.

• Future work considers AP-AWGR wireless links, designing room to room, floor to floor 
interconnection, and optimizing workloads placement  and users mobility.

Spine-leaf Fat-tree

PON3 PON5
Energy consumption Completion time



Architecture: Cloud-Fog Processing

Alsulami, O. Z., Alahmadi, A., Saeed, S. O. M., Mohamed, S.H., El -Gorashi, T.E.H., Alresheedi, M.T. and Elmirghani, 
J.M.H., “Optimum resource a llocation in optical wireless systems with energy efficient fog and cloud 
architectures,” Philosophical Transactions of the Royal Society A, vol . 378, No. 2169, pp. 1-29, March 2020.

Objective:   Minimize

where      is the processing power consumption, given by

and      is the networking power consumption, given by

Processing Placement Model 

1- Processing allocation

2- Single allocation (no splitting)

3- Processing capacity

4- Link capacity

5- Flow conservation

The model is subject to the following constraints:



Demos: BBC strictly come dancing



Long Term Vision for 6G

• Wireless Capacities 2 

to 4 orders of 

magnitude higher 

than 5G (Tb/s)

• Latencies 1 to 2 

orders of magnitude 

lower than 5G (𝜇s), 

autonomous systems

• Intelligence 

everywhere (machine 

learning and AI)

• Planet wide coverage 

(Hetnets and low orbit 

satellites)



Publications: Journals
1. N. Bamiedakis, R. V. Penty and I. H. White, “Carrierless amplitude and phase modulation in wireless visible light communication systems,” 

accepted for publication in Philosophical Transactions of the Royal Society A, 2019 (invited).

2. X. Dong, N. Bamiedakis, D. G. Cunningham, R. V. Penty and I. H. White, “A Novel Equalizer for 112 Gb/s CAP-Based Data Transmission over150 

m MMF links,” accepted for publication in IEEE Journal of Lightwave Technology, vol. 37, pp. 5937-5944, 2019. 

3. N. Bamiedakis, J. J. D. McKendry, E. Xie, E.Gu, M. D. Dawson, R. V. Penty and I. H. White, “Ultra-Low Cost High-Density Two-Dimensional 

Visible-Light Optical Interconnects,” in IEEE Journal of Lightwave Technology, vol. 37, pp. 3305-3314, 2019.

4. Younus, S.H., Al-Hameed, A. A., Hussein, A. T., Alresheedi, M.T., and Elmirghani, J.M.H., “Parallel Data Transmission in Indoor Visible Light 

Communication Systems,” IEEE Access, vol. 7, pp. 1126 - 1138, 2019.

5. Al-Hameed, A. A., Younus, S.H., Hussein, A.T., Alresheedi, M.T., and Elmirghani, J.M.H., “LiDAL: Light Detection and Localization,” IEEE Access, 

vol. 7, pp. 85645 - 85687, 2019.

6. Al-Hameed, A. A., Younus, S.H., Hussein, A.T., Alresheedi, M.T., and Elmirghani, J.M.H., “Artificial Neural Network for LiDAL Systems,” IEEE 

Access, vol. 7, pp. 109427 - 109438, 2019.
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